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Air conditioningAbstract Desiccants can be a part of a sustainable approach to maintaining healthy and comfort-
able indoor environments. The use of desiccants is a unique technique in that it can dry the air
without precooling below its dew point. The removed latent load may be double the removed sen-
sible load. This paper presents an analysis of a low-flow liquid desiccant air conditioning system.
This analysis was designed to identify and study the various parameters that affect the performance
of the desiccant air conditioning system. LiCl was used as a desiccant in this study. A liquid desic-
cant air handling-machine was thermally modeled. The system performance was evaluated for a
regenerative hot water temperature of 88 C, and the recorded parameters included the required
heating water flow rate, cooling water flow rate, and thermal C.O.P. The results show that the
system C.O.P is more affected by changing dry bulb temperature than by changing air flow rate.
It is also shown that in our case study, 36 C dry bulb temperature is a reversed point as before that
temperature the heating rate is more than the total cooling rate but after it the opposite is true.
 2015 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Ventilation of buildings has a substantial influence on building
energy consumption, the health of occupants, and the
productivity and satisfaction of occupants. The minimum
acceptable ventilation rate is defined by the standards set forth
by the American Society of Heating, Refrigerating and
Air-Conditioning Engineers (ASHRAE). In building used for
industrial production, such as medical supplies, the humidityratio must be decreased to lower levels. One of the methods
used to dehumidify the indoor air is desiccant method [1–14]
in which the moisture will transfer from one air stream to
another by using two processes. During the first process, called
sorption, moisture is absorbed by the desiccant. This requires
that the desiccant material is dry and cold so the surface vapor
pressure is lower than that of the moist air so the moisture in
the air will be absorbed by the desiccant. In the second process,
called desorption, captured moisture is released, and the
desiccant is regenerated. This is achieved by increasing the
temperature of the desiccant. Many contributions have
been made in the research for environmental-friendly and
CFC-free alternative dehumidification techniques and systems.
Oberg and Goswami [15] reviewed common system configura-
Nomenclature
C solution concentration (kgw/kgsol)
cp specific heat at constant pressure (J/kg K)
D diffusion coefficient (m2/s)
g gravitational acceleration (m/s2)
H model height (m)
k thermal conductivity (W/m2 C)
L model length (m)
p pressure (N/m2)
T temperature (C)
u velocity in the axial direction (m/s)
w velocity in the z-direction (m/s)
x x-coordinate
y y-coordinate
z z-coordinate
Greek symbols
q density (kg/m3)
l dynamic viscosity (N s/m2)
d desiccant film thickness (m)
t velocity in the transverse direction (m/s)
x humidity ratio of the air (kgw/kga)
Subscripts
a air
d desiccant components of the solution
i inlet conditions
w water
Abbreviations
COP coefficient of performance
LHR latent heat ratio
1020 M. Elhelw, S. Mohamedtions in the field of desiccant dehumidification using calcium
chloride, lithium chloride, lithium bromide, and tri-ethylene
glycol as solutes. It was concluded that COP could be defined
in a variety of ways and that basing a comparison on a single
figure of merit could lead to errors in evaluating different
schemes of air conditioning. Daou et al. [16] reviewed the ben-
efit of desiccant air conditioning for humid climates. It was
concluded that energy savings, humidity control, and indoor
air quality brought about by contaminant removal were all
improved. Ameel et al. [17] compared the performance of var-
ious absorbent candidates, including LiCl, CaCl, and LiBr.
They concluded that LiBr outperformed the other absorbents.
Al-Farayedhi et al. [18] listed several important considerations
in choosing or designing the optimal liquid desiccant solution
for a dehumidification application. Wimby and Berntsson [19]
investigated aqueous solutions of various desiccants, including
LiCl and CaCl2, producing experimental data of density as a
function of temperature and mass fraction. These data were
of critical importance when experimenting with liquid desic-
cant materials, providing concentration as a function of den-
sity, which was relatively easy to measure in the laboratory.
A mixture of LiCl and CaCl2 was the subject of study by Ertas
et al. [20]. LiCl had excellent regeneration performance and
stability but a high cost, while CaCl2 had lower performance
but also a lower cost. A mixture of the two at various ratios
was analyzed to produce functions of vapor pressure for vari-
ous temperatures. In an important study of aqueous LiCl and
CaCl2, Conde [21] gathered data from 1850 and onward, and
fit empirical curves to selected data. Functions of density, heat
capacity, enthalpy of dilution, vapor pressure, solubility, and
others were presented. These correlations were used exten-
sively in the present study. A 2-dimensional numerical analysis
of an internally cooled or heated flat plate liquid desiccant sys-
tem was conducted by Mesquita and Harrison [22]. A further
experimental analysis of a single channel low flow flat-plate
liquid desiccant system was conducted by Mesquita [23].
The system was operated under both isothermal and
non-isothermal conditions. It was concluded that water
temperature and mass flow rate of the desiccant have a strong
effect on the performance of the flat plate dehumidifier andregenerator. Ronghui et al. [24] performed the simulation of
solar-assisted LDAC (SLDAC) in commercial buildings in five
cities of four main climate regions, including Singapore in
Tropical, Houston and Beijing in Temperate, Boulder in Arid
and Los Angeles in Mediterranean. Results showed that the
system’s performance was seriously affected by the ratios of
building’s sensible and latent cooling load. For buildings
located in humid areas, the electricity energy reduction of
SLDAC was high. For buildings in a dry climate, the total
cooling load was low, but up to 45% electricity of AC system
could be saved in Boulder. However, for the buildings in Tem-
perate, the application of SLDAC was not that suitable. The
match properties of the heat and mass transfer processes in
the Heat pump-driven liquid desiccant (HPLD) systems vary-
ing with the inlet air states were investigated by Zhang et al.
[25]. Also, the unmatched coefficient based on entry dissipa-
tion was adopted to evaluate the performance of HPLD sys-
tems. It was demonstrated that the unmatched coefficient of
the process along the iso-concentration line was much lower
than that along the isenthalpic line. Liu et al. [26] used Celdek
packing’s structured in the dehumidifier and a LiBr aqueous
solution as the liquid desiccant in their experimental studies
of the performance of the cross flow dehumidifier. The mois-
ture removal rate and dehumidifier effectiveness were adopted
as the dehumidifier performance indices. The objective of the
present investigation is to evaluate the performance of a liquid
desiccant air handling unit using a numerical model. The scope
of this study is aimed at studying the effect of changing air flow
rate and dry bulb temperature of the inlet processing on the
system performance.
2. Problem mathematical modeling
To assess the performance of a liquid desiccant air handling
unit, system equations for the conservation of mass and energy
must be solved. Air is considered as an incompressible multi-
component fluid, composed of dry air and water vapor in ther-
mal equilibrium. This type of analysis involves modeling the
transfer of heat and mass between the three working fluids,
which are moist air, desiccant solution, and cooling or heating
The influence of variable inlet airflow states on liquid desiccant wheel performance 1021water. The heat and mass transfer among the three working
fluids are shown in Fig. 1. The following assumptions are
introduced:
 The flow is laminar and steady state.
 Thermal properties of the air and the desiccant film are con-
stant except for the thermal conductivity of the desiccant
film.
 Gravitational force on the air is neglected.
 Film thickness is taken to be constant.
 Thermodynamic equilibrium exists at the interface between
air and the desiccant film.
The general model for continuity, momentum, energy, and
mass diffusion for air is given by the following:
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The mass, momentum, energy, and concentration for the
desiccant film are given by
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An iterative method is employed to satisfy the interfacial
conditions between air and the desiccant film. The boundary
and interfacial conditions for the model are as follows:
ud ¼ udi vd ¼ 0 Td ¼ Tdi C ¼ Ci at x ¼ 0;
0 6 z 6 L; 0 6 yd 6 dd ð11Þ
wa ¼ wai va ¼ 0 Ta ¼ Tai x ¼ xi at z ¼ 0;
0 6 x 6 H; 0 6 ya 6 da ð12Þ
@wa
@z
¼ va ¼ @Ta
@z
¼ @x
@z
¼ 0 at z ¼ L;
0 6 x 6 H; 0 6 ya 6 da ð13Þ
@ud
@x
¼ vd ¼ @Td
@x
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@x
¼ 0 at x ¼ H;
0 6 z 6 L; 0 6 yd 6 dd ð14Þ
@va
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@y
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¼ 0 at ya ¼ 0;
0 6 x 6 H; 0 6 z 6 L ð15Þ
wa ¼ 0 va ¼ vd Ta ¼ Td x ¼ xint at ya ¼ da;
0 6 x 6 H; 0 6 z 6 L ð16Þ
ud ¼ 0 vd ¼ vd @C
@y
¼ 0 at yd ¼ 0;
0 6 x 6 H; 0 6 z 6 L ð17Þ
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The numerical model generated here is based on the conditions
present in a conditioned packing area at food factory (Alexan-
dria, Egypt) with 1824 m2 floor area. The desired indoor air
conditions are 20 ± 2 C dry bulb temperature and 45 ± 5%
relative humidity, while the outdoor air conditions are 35 C
dry bulb temperature and 28 C wet bulb temperature. The
fresh air required for ventilation is 1 air change per hour.
The internal loads are those required by 35 people and
165 kW equipment load. An MATLAB program was designed
to perform the analysis of the low-flow liquid desiccant air
conditioning system.
3.1. Code validating with previous experimental results
In order to check on the validity of the numerical technique
employed for the solution of the problem considered in the
present study, the code was validated by comparing the results
with those obtained experimentally by Jones [27] in an analysis
of the same system as above. The comparison showed good
agreement between the results as shown in Table 1.
4. Results and discussion
The set of coupled equations presented in the previous sections
with the boundary conditions is solved numerically to studyTable 1 Comparison of the present code with Jones [27
Run
For 25.2 C inlet air temperature, 11.5 g/kg air humidity rati
mass flow rate and 453.6 L/h desiccant volume flow rate
Total cooling rate:
Heating rate:
Thermal C.O.P:
Cooling C.O.P:
Figure 2 Effect of changing inlet air dry bulb temperaturethe effect of the different parameter on the performance of
the desiccant air conditioning system.
4.1. Effect of changing the dry bulb temperature of the inlet
processing air
To study the effect of the air temperature at the inlet to the
conditioner, it was varied from 20 C to 40 C. Inlet and outlet
desiccant concentration through conditioner and regenerator
will be 42%, 38%, 38%, 42%, respectively. The volume flow
rate of the processing air and the scavenging air are
7225 m3/h, and 1500 m3/h, respectively. The relative humidity
of the inlet processing and scavenging air is equal to 55.8%.
Inlet and outlet cold and hot water temperatures are assumed
to be 29 C, 35 C, 88 C and 76 C respectively. The effect of
changing inlet air temperature on total cooling capacity, latent
cooling capacity, heating capacity, desorption rate, absorption
rate, required LiCl solution flow rate, regenerator thermal C.
O.P and cooling thermal C.O.P will be studied. Fig. 2 presents
the relationship between inlet dry bulb temperature and total
cooling capacity, latent cooling capacity, and heating capacity.
It can be observed that increasing the dry bulb temperature of
the inlet air increases total cooling, latent, and heating capac-
ity. This is due to the increase in the process and scavenging air
stream enthalpies. It is seen that the increase in heating capac-
ity is less than the increase in the total cooling rate and the
latent cooling rate. This is because the enthalpy difference
between the outlet and inlet of the scavenging air stream is less].
Present
work
Previous
work [13]
Percentage
deviation (%)
o, 7295 kg/h air
18.1 kW 18 kW 0.6
30.2 kW 32.4 kW 6.8
0.7 0.71 1.41
0.54 0.55 1.82
on total cooling, latent cooling and heating capacities.
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processing air stream. It is also observed that after 36 C inlet
dry bulb temperature the total cooling rate is higher than
heating rate. Fig. 3 shows the effect of changing the dry bulb
temperature of the air at the inlet on absorption and desorp-
tion rates. Fig. 4 shows the accompanying change in the
required LiCl volume flow rate through the conditioner and
regenerator. It can be observed that increasing the dry bulb
temperature of the inlet air increases the absorption and des-
orption rates, as well as the required volume flow rate of the
LiCl solution. This is due to the increase in the humidity ratio
of the inlet air from 8.1 g/kg to 26.4 g/kg, at a relative humid-
ity of 55.8%. Interestingly, the volume flow rate of water vapor
absorbed in the conditioner is higher than the volume flow rate
of water vapor exhausted in the regenerator. This is due to the
density difference created by the temperature difference of the
LiCl solution between the outlet of the conditioner and the
inlet of the regenerator. Fig. 5 presents the effect of changing
the dry bulb temperature of the inlet air on the mass flow rate
of cooling water required through the conditioner, and heatingFigure 3 Effect of changing inlet air dry bulb tem
Figure 4 Effect of changing inlet air dry bulb temperature on requwater required through the regenerator. From this figure, it
can be seen that increasing the dry bulb temperature of the
inlet air will increase the requirement for cold and hot water.
This is due to the increase in processing and scavenging air
stream enthalpies, and the resulting increase in the humidity
ratio. For this reason, the cooling and heating mass flow rates
must increase in order to account for the increase in humidity
ratio. It can also be observed that the required mass flow rate
of the cooling water is greater than that of the heating water.
This is as a result of the difference in temperature and mass
flow rate of the processing and scavenging air streams. Fig. 6
illustrates the effect of changing the dry bulb temperature of
the inlet air on the regenerator thermal C.O.P, and cooling
thermal C.O.P. It can be seen that increasing the dry bulb tem-
perature of the inlet air has the effect of increasing the regen-
erator thermal C.O.P and cooling thermal C.O.P. This is as a
result of increase in the enthalpy of the water desorbed
through regenerator, total cooling, and the amount of heat
absorbed in the regenerator. It is observed that the increase
in the cooling thermal C.O.P is greater than the increase inperature on absorption and desorption rates.
ired LiCl volume flow rate through regenerator and conditioner.
Figure 5 Effect of changing inlet air dry bulb temperature on required cooling and heating water mass flow rates.
Figure 6 Effect of changing inlet air dry bulb temperature on cooling thermal C.O.P and regenerator thermal C.O.P.
1024 M. Elhelw, S. Mohamedthe regenerator thermal C.O.P. This is as a result of increase in
the total cooling load, arising from an increase in the latent
load, both of which are a function of the enthalpy of vaporiza-
tion and dilution at the solution temperature.
4.2. Effect of changing the processing air mass flow rate on the
conditioner performance
To reveal this influence, the mass flow rate of the inlet process-
ing air through conditioner will be varied from 5000 to
10,000 kg/h, while the temperature of the inlet processing air
will be held at 29 C. The difference in the dry bulb tempera-
ture of the air between the outlet and the inlet is approximately
3.5 C. The other values of the other parameters will remain
the same as mentioned previously. The effect of varying the
mass flow rate of the processing air on the total cooling
capacity, latent capacity, heating capacity, desorption rate,absorption rate, required LiCl solution flow rate, thermal C.
O.P and cooling C.O.P has been studied. Fig. 7 illustrates
the relationship between the mass flow rate of the processing
air stream and the total cooling rate, latent cooling rate, and
heating rate. It can be seen that increasing the mass flow rate
of the processing air stream results in an increase in the total
cooling rate, latent cooling rate, and heating rate. This is due
to the increase in the process and scavenging air stream enthal-
pies. It can be observed that the increase in heating rate is less
than the increase in latent cooling rate. This is because the dif-
ference between inlet and outlet of the scavenging air stream is
less than the enthalpy difference between the inlet and outlet of
the process air stream. Fig. 8 reveals the effect of changing the
mass flow rate of the processing air stream on the absorption
and desorption rates. Fig. 9 shows the accompanying change
in volume flow rate of the LiCl solution required through
the conditioner and regenerator. It can be seen that increasing
Figure 7 Effect of changing air mass flow rate on total cooling, latent cooling and heating capacities.
Figure 8 Effect of changing air mass flow rate on absorption and desorption rates.
Figure 9 Effect of changing air mass flow rate on required LiCl volume flow rate through regenerator and conditioner.
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Figure 10 Effect of changing air mass flow rate on required cooling and heating water mass flow rates.
Figure 11 Effect of changing air mass flow rate on cooling thermal C.O.P and regenerator thermal C.O.P.
1026 M. Elhelw, S. Mohamedthe mass flow rate of the processing air stream will increase the
absorption and desorption rates, as well as the volume flow
rate of the LiCl solution. This is due to the increase of water
vapor present in the processing air stream, at a relative humid-
ity equal to 55.8%. It can be seen that the absorption rate is
greater than the desorption rate. Fig. 10 shows the effect of
changing the mass flow rate of the processing air stream on
the amount of required cooling and heating water. It can
observed that increasing the mass flow rate of the processing
air stream results in an increase in the mass flow rate of cold
and hot water required in the conditioner and regenerator,
respectively. This is due to the increase in enthalpies of both
the process and scavenging air streams, which are in turn as
a result of an increase in the amount of water vapor absorbed
and desorbed. Fig. 11 presents the effect of changing mass flow
rate of the inlet air on regenerator thermal C.O.P, and cooling
thermal C.O.P. It can be seen that increasing the mass flow
rate of the processing air stream increases the regenerator
thermal C.O.P, and cooling thermal C.O.P. This is due to
the increase in the enthalpy of the water desorbed throughregenerator, total cooling, and the amount of heat absorbed
in the regenerator.
5. Conclusions
In this study, a liquid desiccant air conditioning system was
modeled numerically and studied as the dry bulb temperature,
and mass flow rate of the processing air was varied. From sys-
tem analysis, it can be obtained that increasing the dry bulb
temperature will increase the total cooling, latent cooling,
and heating capacities but with a different rate. In our case
study, 36 C process air dry bulb temperature is a reversed
temperature as after it the required heating capacity is higher
than the cooling capacity although the absorbed water
increases. Also, increasing dry bulb temperature will increase
the required LiCl solution volume flow rate and the system
coefficient of performance through conditioner and regenera-
tor. The same conclusion was obtained by studying the effect
of changing processing mass flow rate. By comparing the effect
of dry bulb temperature and mass flow rate in system perfor-
The influence of variable inlet airflow states on liquid desiccant wheel performance 1027mance, it was found that the changing in temperature is more
effect than the mass flow rate. For this, it can be considered
that the dry-bulb temperature is the major parameter, and
the mass flow rate is the minor parameter.
References
[1] P. Bareschino, G. Diglio, F. Pepe, G. Angrisani, C. Roselli, M.
Sasso, Modeling of a rotary desiccant wheel: numerical
validation of a variable properties model, Appl. Therm. Eng.
78 (2015) 640–648.
[2] Q. Cheng, X. Zhang, Review of solar regeneration methods for
the liquid desiccant air-conditioning system, Energy Build. 67
(2013) 426–433.
[3] S. Misha, S. Mat, M.H. Ruslan, K. Sopian, Review of
solid/liquid desiccant in the drying applications and its
regeneration methods, Renew. Sust. Energy Rev. 16 (2012)
4686–4707.
[4] C.R. Ruivo, G. Angrisani, The effectiveness method to predict
the behavior of a desiccant wheel: an attempt of experimental
validation, Appl. Therm. Eng. 71 (2014) 643–651.
[5] C.R. Ruivo, A. Carrillo-Andre´s, J.J. Costa, F. Domı´nguez-
Mun˜oz, A new approach to the effectiveness method for the
simulation of desiccant wheels with variable inlet states and
airflows rates, Appl. Therm. Eng. 58 (2013) 670–678.
[6] C.R. Ruivo, M. Goldsworthy, M. Intini, Interpolation methods
to predict the influence of inlet airflow states on desiccant wheel
performance at low regeneration temperature, Energy 68 (2014)
765–772.
[7] Z. Yang, K. Zhang, M. Yang, Z. Lian, Improvement of the
ultrasonic atomization liquid desiccant dehumidification system,
Energy Build. 85 (2014) 145–154.
[8] Y. Yin, B. Zheng, C. Yang, X. Zhang, A proposed compressed
air drying method using pressurized liquid desiccant and
experimental verification, Appl. Energy 141 (2015) 80–89.
[9] J. Zhu, W. Chen, A novel multivariate linear prediction model
for the marine rotary desiccant air-conditioning by adding a
dynamic correction factor, Appl. Therm. Eng. 78 (2015)
101–109.
[10] A.M. Elzahzby, A.E. Kabeel, M.M. Bassuoni, M. Abdelgaied,
Effect of inter-cooling on the performance and economics of a
solar energy assisted hybrid air conditioning system with six
stages one-rotor desiccant wheel, Energy Convers. Manage. 78
(2014) 882–896.
[11] A.M. Elzahzby, A.E. Kabeel, M.M. Bassuoni, M. Abdelgaied,
A mathematical model for predicting the performance of the
solar energy assisted hybrid air conditioning system, with one-
rotor six-stage rotary desiccant cooling system, Energy Convers.
Manage. 77 (2014) 129–142.[12] X.H. Liu, Y. Jiang, Handling zone dividing method in packed
bed liquid desiccant dehumidification/regeneration process,
Energy Convers. Manage. 50 (2009) 3024–3034.
[13] R. Qi, L. Lu, Y. Huang, Energy performance of the solar-
assisted liquid desiccant air-conditioning system for commercial
building in main climate zones, Energy Convers. Manage. 88
(2014) 749–757.
[14] X. She, Y. Yin, X. Zhang, Thermodynamic analysis of a novel
energy-efficient refrigeration system subcooled by liquid
desiccant dehumidification and evaporation, Energy Convers.
Manage. 78 (2014) 286–296.
[15] V. Oberg, D. Goswami, Advances in Solar Energy, American
Solar Energy Society, 1998.
[16] K. Daou, R. Wang, Z. Xia, Desiccant cooling air conditioning: a
review, Renew. Sustain. Energy Rev. 10 (2) (2006) 55–77.
[17] T. Ameel, K. Gee, B. Wood, Performance predictions of
alternative, low-cost absorbents for open-cycle absorption
solar cooling, Sol. Energy 54 (2) (1995) 65–73.
[18] A. Al-Farayedhi, P. Gandhidasan, M. Antar, M. Abdul Gaffar,
Experimental study of an aqueous desiccant mixture system: air
dehumidification and desiccant regeneration, Part A, J. Power
Energy 219 (A8) (2005) 669–680.
[19] J. Wimby, T. Berntsson, Viscosity and density of aqueous
solutions of LiBr, LiCl, ZnBr2, CaCl2, and LiNO3, J. Chem.
Eng. Data 39 (1994) 68–72.
[20] A. Ertas, E. Anderson, I. Kiris, Properties of a new liquid
desiccant solution-lithium chloride and calcium chloride
mixture, Sol. Energy 49 (3) (1992) 205–212.
[21] M. Conde, Properties of aqueous solutions of lithium and
calcium chlorides: formulations for use in air conditioning
equipment design, Int. J. Therm. Sci. 43 (4) (2004) 367–382.
[22] L. Mesquita, S. Harrison, Non-isothermal, flat-plate liquid-
desiccant regenerators: a numerical study, in: International
Solar Energy Conference, 2005, pp. 325–331.
[23] L. Mesquita, Analysis of a Flat-Plate, Liquid-Desiccant,
Dehumidifier and Regenerator, PhD Thesis, Queen’s
University, UK, 2007.
[24] Q. Ronghui, L. Lu, Y. Huang, Energy performance of solar-
assisted liquid desiccant air-conditioning system for commercial
building in main climate zones, Energy Convers. Manage. 88
(2014) 749–757.
[25] T. Zhang, X. Liu, Y. Jiang, Performance comparison of liquid
desiccant air handling processes from the perspective of match
properties, Energy Convers. Manage. 75 (2013) 51–60.
[26] X. Liu, Y. Zhang, K. Qu, Y. Jiang, Experimental study on mass
transfer performances of cross flow dehumidifier using liquid
desiccant, Energy Convers. Manage. 47 (2006) 2682–2692.
[27] B. Jones, Field Evaluation and Analysis of a Liquid Desiccant
Air Handling System, Master’s Thesis, Queen’s University, UK,
2008.
